Background: Elongation factor Tu (EF-Tu) in its GTP conformation is a carrier of aminoacylated tRNAs (aa-tRNAs) to the ribosomal A site during protein biosynthesis. The ribosome triggers GTP hydrolysis, resulting in the dissociation of EF-Tu-GDP from the ribosome. The affinity of EF-Tu for other molecules involved in this process, some of which are unknown, is regulated by two regions (Switch I and Switch II) that have different conformations in the GTP and GDP forms. The structure of the GDP form of EF-Tu is known only as a trypsinmodified fragment, which lacks the Switch I, or effector, domain. The aim of this work was to establish the overall structure of intact EF-Tu-GDP, in particular the structure of the effector domain.
Introduction
Elongation is a central process of protein biosynthesis. The enzymatic binding of aminoacyl-tRNA (aa-tRNA) to the ribosome is promoted by elongation factor EF-Tu [1] . In its active GTP-bound state, EF-Tu forms a tight complex with aa-tRNA. The ternary complex aa-tRNA-EF-Tu-GTP interacts with the ribosomal A site. The programmed ribosome stimulates GTP hydrolysis, and the binary complex EF-Tu-GDP leaves the ribosome [2] . The frequency of incorporation of an incorrect amino acid during protein biosynthesis is 1 in 10 4 , however, the energy of codon-anticodon base pairing can only account for a level of mistakes of 1 in 10 2 . In order to explain the high level of fidelity of protein biosynthesis, a proofreading mechanism has been proposed [3, 4] . According to this mechanism, a noncognate aa-tRNA can be rejected as a ternary complex, before GTP hydrolysis, or as a single entity after GTP hydrolysis in the proofreading step [5, 6] . As GTP hydrolysis is an irreversible process, it defines the direction of the functional cycle. EFTu has an affinity for GDP which is two orders of magnitude higher than for GTP [7] ; elongation factor Ts (EF-Ts) catalyzes the exchange of GTP for GDP.
EF-Tu belongs to the GTPase superfamily which includes proteins that generally act as binary switches in different pathways [8, 9] . The superfamily comprises several classes of proteins: elongation, initiation and release factors involved in protein biosynthesis; heterotrimeric G proteins; and Ras and Ras-related proteins. In order to fulfil their function, G proteins alternate between the GTP-and GDP-bound forms representing the 'on' and 'off' conformational states of a molecular switch. The two states are recognized by upstream and downstream effectors and regulators. The GTPase activity of some, but not all, members of the GTPase superfamily can be enhanced by GTPase activating proteins. Guanine nucleotide exchange factors play a role as positive regulators of GTPases, facilitating the dissociation of GDP and replacement with GTP. All GTPases have a common module, a GTP/GDP-binding domain; five loops connecting the secondary structure elements in the nucleotide-binding domain form the GTPbinding site. Certain residues in the loops are conserved among the proteins in the GTPase superfamily. The connection between the first ␣ helix and the second ␤ strand of the nucleotide-binding domain has been termed 'the effector loop' or rather 'the effector region', because it is not just a loop in some GTPases. The term stems from Ras proteins, because the corresponding part of Ras proteins was found to be involved in interactions with downstream effector molecules. The effector regions are characterized by a conserved threonine residue, the side-chain oxygen of which is coordinated to the Mg 2+ ion in the GTP-bound conformation.
The crystal structures of various EF-Tu complexes have previously been determined: a trypsin-modified EF-Tu-GDP complex, from E. coli [10] ; EF-Tu from Thermus aquaticus and Thermus thermophilus in complex with the non-hydrolysable GTP analogue GDPNP [11, 12] ; the yeast/T. aquaticus chimeric ternary complex tRNA Phe -EFTu-GDPNP [13] ; and the EF-Tu-EF-Ts complex from E. coli [14] . Here we report the determination of the crystal structures of intact EF-Tu from T. aquaticus and E. coli in complex with GDP. These structures show that trypsin modification does not perturb the overall structure of EFTu. Alterations in the secondary structure of the effector region are observed between the GTP-and GDP-bound forms of EF-Tu.
Results
The crystal structures of intact EF-Tu-GDP from T. aquaticus and from E. coli have been determined to a resolution of 2.7 Å and 3.8 Å, respectively. The hexagonal crystals of T. aquaticus EF-Tu-GDP belong to space group P6 3 22 , with cell parameters a = b = 175.9 Å, c = 223.8 Å. The structure was determined by molecular replacement using trypsinized E. coli EF-Tu-GDP as a model. Three molecules in the asymmetric unit are related by a pseudo-3 1 axis parallel to the crystallographic z axis. The model, consisting of the three molecules, has been refined to an R factor of 23.4 % with a free R factor of 30.5 %. The orthorhombic crystals of E. coli EF-Tu-GDP grow in space group P2 1 2 1 2 and have cell parameters a = 62.6 Å, b = 247.7 Å, c = 68.4 Å. This structure was also determined by molecular replacement again using the structure of trypsinized EF-Tu-GDP as a search model. These crystals have two molecules in the asymmetric unit. They are related by a pseudo-twofold axis which is at a 15° angle to the crystallographic x axis, and lying approximately in the xy plane. The molecular model has been refined to an R factor of 18.3 % with a free R factor of 29.4 %. The structure of EF-Tu comprises three domains, termed Domains 1-3. The orientation of Domain 1, relative to Domains 2 and 3 in both crystal structures of intact EF-Tu-GDP presented here is very similar to that determined for trypsinized EF-Tu-GDP [10] . The structures of T. aquaticus and E. coli EF-Tu-GDP are essentially the same with the exception of an insert in the thermophilic protein, residues 182-193.
Assessment of structural quality
A Ramachandran plot of three molecules of T. aquaticus EF-Tu-GDP is shown in Figure 1a . Arg345 is found in the disallowed region. Within the structure this residue is located in position two of a type I reverse turn; no other conformation of Arg345 will allow the end of the side chain to reach the surface of the domain [11] . Arg274 is found in position three of a reverse turn of type II. The electron density for Leu258 in the loop connecting two ␤ strands of Domain 2 is very good in all three molecules. Figures 2a-c show the plots of the real space density correlation of the three molecules of T. aquaticus EF-Tu-GDP in the asymmetric unit. The plots were calculated in program O using the option RSfit [15] . The average correlation factor of 0.87 indicates that the atoms fit well in the electron density. A few residues in loops at the surface of Domain 2 have correlation coefficients of about 0.6-0.7. Figure 1b shows a Ramachandran plot for both molecules of E. coli EFTu-GDP. The phi-psi values are somewhat more scattered which is to be expected from a structure at this resolution. The real space density correlation of the two Figure 3 shows the electron density for the effector region in both structures.
The structure of the effector region in T. aquaticus EF-Tu-GDP EF-Tu is comprised of three domains. Domain 1 (residues 1-211) contains the GTP/GDP-binding site and has a fold common for nucleotide-binding proteins with a central mainly parallel ␤ sheet surrounded by ␣ helices. The two other domains, Domain 2 (residues 220-312) and Domain 3 (residues 312-405) are six-stranded ␤ barrels. Domain 2 exhibits a greek key structural motif, while Domain 3 is a jelly roll. The three structural domains form a flat triangle; Domain 3 contacts both Domain 1 and Domain 2, which are connected by a peptide (residues 211-220) with a helical turn in the middle. As seen in Figure 4 , there are no contacts between Domain 1 and Domain 2, and a rather large hole is formed in the middle of the molecule between all three domains.
The effector region in EF-Tu (Fig. 4) is part of the polypeptide chain between helix A (residues 24-35) and ␤ strand b (residues 62-72). The region spans across Domain 1 and is rather detached from the globular part of the domain. This might explain why the removal of the effector region facilitates crystallization. Indeed, in the structure of trypsin-modified EF-Tu-GDP [10] it was seen that the remaining end of the effector region assumed an extended conformation forming a ␤ sheet like hydrogen-bonding pattern with the same part of a symmetry related molecule. The effector region in EF-Tu-GDP is comprised of ␤ strand a′ (residues 42-46), a small helix A′ (residues 47-51) and ␤ strand b′ (residues 52-58).
In the GDP form of EF-Tu (residues 62-72) ␤ strand b is longer by three residues than compared to the GTP form (residues 65-72). The beginning of ␤ strand b and ␤ strand b′ form a ␤ hairpin that is in contact with Domain 3. The side chains of two conserved isoleucine residues (61 and 63) are packed against the aliphatic part of Lys90 from helix B, while Thr62 is exposed to solvent. The side chain of a conserved glutamate residue (Glu56) is able to form a hydrogen bond with the side chain of His67, while Glu55 and Arg57 can make hydrogen bonds with Arg57 and Glu55 of a crystallogaphically related molecule. The side chain of Arg59 can form a hydrogen bond with the main-chain oxygen of Phe386. Arg385, from Domain 3, can contribute to the stabilization of the loop at the C-terminal end of helix B (residues 94-98). This loop is part of helix B in EF-Tu-GTP and is unwound in EF-Tu-GDP. The side chain of Arg385 thus seems to form hydrogen bonds to the main-chain oxygens of two conserved residues, Gly95 and Met92. As seen in Figure 5 , the two conserved arginine residues 59 and 385 apparently provide the link between the Switch I (effector) region The sequence Arg-Phe-Ala (residues 385-387), is highly conserved in EF-Tu.
Comparison of the structures of the effector region in EF-Tu-GDP and EF-Tu-GDPNP
When switching between the GTP and GDP forms, the effector region undergoes a remarkable transition (Fig. 4 ) resulting in a change of the secondary structure. Residues 54-59, which form helix A′′ in EF-Tu-GTP, assume an extended conformation in EF-Tu-GDP. The side chain of the conserved residue Asp51 is coordinated to the Mg 2+ ion both in the GTP-and GDP-bound forms of EF-Tu. A flip of the peptide bond between Asp51 and Lys52, of approximately 125°, initiates the structural changes in the effector region upon the GTP/GDP exchange. The main-chain dihedral angles of Asp51 are (-55.9, -50.0) and (-87.3, 74.3) in the GDP-and GDPNP-bound forms, respectively. In the EF-Tu-GDPNP structure, the Mg 2+ ion coordinates six oxygen ligands in an octahedral coordination geometry. In the equatorial plane there are two oxygens from the ␤-and ␥-phosphates and two oxygens from the side chains of Thr25 and Thr62. In the apical positions two water molecules make hydrogen bonds to Asp51 and Asp81. In EFTu-GDP, the Mg 2+ ion looses two ligands, one from the ␥-phosphate and another from Thr62, and these are replaced by water molecules. The distance between the Mg 2+ ion and C␣ of the conserved Thr62 is 16 Å in EF-Tu-GDP and 4.3 Å in EF-Tu-GDPNP (Fig. 6 ).
The conformational change seen in the effector region is identical (within experimental error) in the structures of both T. aquaticus and E. coli EF-Tu-GDP. As these two structures belong to completely unrelated space groups, we conclude that the rearrangement is not a result of crystal packing, but is indeed an intrinsic property of the molecular structure.
Comparison of trypsin-modified E. coli EF-Tu-GDP and intact T. aquaticus EF-Tu-GDP
If the first domains of the two structures are superimposed the root mean square (rms) deviation for C␣ atoms is 0.7 Å; the fit is perfect for the secondary structure elements. Arg373 in E. coli EF-Tu makes similar contacts to the loop at the C-terminal end of helix B as Arg385 in T. aquaticus EF-Tu. In the two structures, the orientation of Domains 2 and 3 relative to Domain 1 differ by about 2°. When only Domains 2 and 3 from the two structures are superimposed the rms deviation for C␣ atoms is 0.8 Å. Thus, proteolytic cleavage introduces only local changes, and does not drastically alter the overall structure of EF-Tu.
Discussion
It has been reported that EF-Tu-GDP can form a weak complex with aa-tRNA and that aa-tRNA is protected against deacylation in this complex [15] . This observation was justified by the assumption that some, but probably not all, contacts between EF-Tu and aa-tRNA are disrupted upon GTP hydrolysis. When domains 2 and 3 of EF-Tu-GDP are superimposed on the corresponding part of EF-Tu-GDPNP in the ternary complex [13] , the contacts between the amino acids of Domains 2 and 3 and aatRNA remain, but Domain 1 is moved about 90° away. Therefore, EF-Tu-GDP might form a weak complex with aa-tRNA by means of contacts between Domains 2 and 3, and the aa-tRNA. The extended conformation of the effector region in EF-Tu-GDP sterically hinders contacts between Domain I and aa-tRNA. Limited hydrolysis of EF-Tu from E. coli by trypsin does not significantly affect nucleotide or EF-Ts binding. However, hydrolysis has a severe impact on ternary complex formation and protein synthesis because of the inability of EF-Tu to promote binding of the ternary complex to the A site of the ribosome [16] . Contrary to this, Wittinghofer et al. [17] have reported, that trypsincleaved EF-Tu does sustain polyphenylalanine protein synthesis as effectively as the wild type. Arg45 and Arg58, and to a lesser extend Lys56, were determined to be the sites susceptible to attack by trypsin [17] . These residues are all in the effector region. Limited tryptic digestion of EF-Tu turned out to promote crystallization of EF-Tu-GDP [18] . T. thermophilus EF-Tu is cleaved by an endogenous protease during purification [19] ; the proteolytic cleavage occurs at one site in the effector region. This nicked EF-Tu could not sustain poly(U) dependent protein synthesis on E. coli ribosomes, but was able to bind the nucleotides GTP and GDP, and to form a complex with aa-tRNA. The cleavage promotes crystallization of T. thermophilus EF-Tu-GDP as in the case of E. coli EF-Tu. The properties of a limited trypsindigested form of elongation factor 1␣ (EF-1␣), a eukaryotic counterpart of EF-Tu, has been investigated [20] . The cleavage was found mainly to occur at residues 36 and 69 in the effector region. The digested form of EF-1␣ was able to bind aa-tRNA, but was not active in polyphenylalanine synthesis [20] .
ADP-ribosylation factors comprise a subgroup in the Ras protein family. They are involved in constitutive secretion and activation of phospholipase D. The crystal structures of human and rat ADP-ribosylation factor 1 (ARF-1) in complex with GDP have been determined [21, 22] . The structures are similar to that of Ras p21 with the exception of an additional N-terminal helix and an extra ␤ strand (␤2 E ) in the effector region. The effector region in ARF-1 is similar to the one found in EF-Tu-GDP, with the exception that helix A′ is not present (Fig. 7) . The additional ␤ strand, ␤2 E , in ARF-1 is involved in dimerization in the crystal. When the GDP-binding pockets of ARF-1 and EF-Tu are superimposed, Thr48 of ARF-1 is found in approximately the position of Thr62 in EF-Tu, about 16 Å away from the Mg 2+ ion. However, in the secondary structure Thr48 is located towards the end of ␤ strand ␤2 E , while Thr62 is at the beginning of ␤ strand b.
The Ran proteins are also Ras-related proteins. They are found in the nucleus of eukaryotic cells and are involved in the nuclear import of proteins and in the control of DNA synthesis and cell-cycle progression. The structure of human Ran complexed with GDP has been determined [23] . The most significant differences compared to the structure of Ras p21 are found in the switch regions. In Ras p21 the loop connecting helix ␣1 (similar to helix A in EF-Tu) and ␤ strand ␤2 (equivalent to ␤ strand b in EF-Tu) runs back along helix ␣1 and circles above the phosphates of GDP. In the structure of Ran, helix ␣1 is shorter than in Ras p21, and after a short loop another small helix is followed by the short ␤ strand ␤2 E , antiparallel to ␤2. The effector region of Ran in complex with GDP looks like a shortened version of the effector region of EF-Tu-GDP (Fig. 7) . Thr42 in Ran, which corresponds to Thr35 in Ras p21 and Thr62 in EF-Tu, is 18 Å away from the Mg 2+ ion; in this respect Ran is more similar to EF-Tu than it is to Ras p21.
The effector region in EF-Tu undergoes a much larger conformational change than other GTPases for which the structures of both GTP and GDP forms are known. In the heterotrimeric G proteins and Ras p21, in order to perform the switch from the active to inactive state, it is apparently sufficient to displace the conserved threonine slightly from the coordination sphere of the magnesium. The large rearrangement of the structural domains in EF-Tu has been suggested to play a role in the movement of aa-tRNA from the hybrid A/T site to the A/A site when GTP is hydrolysed [24] . EF-Tu-GTP is compared to a spring that is released on GTP hydrolysis. The effector region in the GTP form indeed looks like a spring (helix A′′) which is released into the ␤ hairpin in the GDP form.
In this paper, we have described the structures of EFTu-GDP from T. aquaticus and E. coli. The overall folding of the molecules verifies earlier results from our laboratory on trypsin-modified EF-Tu-GDP, and thus refute speculations that the large conformational change seen between the GDP and GTP forms was an artefact of proteolysis. The part of the structure missing in the trypsin-modified structure, the effector region, is described for the first time. Surprisingly, this region also exhibits a major conformational change. In the EF-Tu-GDPNP structure, the effector region contains two small helices, A′ and A′′, which are nearly perpendicular to each other. The side chain of Thr62 in the loop after helix A′′ is a ligand of the Mg 2+ ion. In the EF-Tu-GDP structure described herein, helix A′ is structurally unchanged, while helix A′′ is unwound, and a ␤ hairpin structure is formed instead. As a result of the latter, Thr62 has moved 16 Å away from the Mg 2+ ion. The interconversion of the helical and extended conformations in proteins has not often been observed crystallographically. To our knowledge, there is only one such case besides EF-Tu in the literature: residues 73-77 of the central helix in native calmodulin adopt an extended conformation when calmodulin is complexed with a helical peptide [25] . However, the mechanism of helix winding/unwinding may prove to be a common one, and indeed, we have earlier described how helix B of EF-Tu is shifted by four residues on the amino acid sequence during GTP hydrolysis [11] . The structures of ARF-1-GDP and Ran-GDP both have similar ␤ hairpin-like conformations of their effector regions. We avidly anticipate the solution of these structures in their GTP-bound forms.
Biological implications
Elongation factor Tu (EF-Tu) is one of two protein factors catalyzing the elongation phase of protein biosynthesis by interacting with the ribosome; the other is elongation factor G (EF-G). Both elongation factors are GTPases and their GTP-binding domains have structural similarities to many other GTPases. EF-Tu is activated by binding GTP and is able to bind all aminoacylated tRNAs (aa-tRNAs). EF-Tu protects the aminoester bond and acts to facilitate the binding of aa-tRNA to the ribosome. Following the interaction between the codon of mRNA and the anticodon of tRNA, a GTPase activating centre on the ribosome induces GTP hydrolysis and EF-Tu-GDP is released. The structure of modified EF-Tu-GDP, where the so-called effector region was removed by mild trypsin treatment, has been known for some time. The structure of intact EF-Tu-GDP from two different organisms reported here clears doubts as to whether the large domain rearrangement, observed between the EF-Tu-GTP and trypsin-modified EF-Tu-GDP forms, was an artefact. This work demonstrates that the overall structure of the intact and trypsin-modified forms of EF-Tu-GDP are similar, within experimental error. The large conformational change of the overall structure of EF-Tu upon activation is therefore confirmed. Furthermore, the structure of the effector region is determined and exhibits the remarkable conformational changes between the GTP-and GDP-bound forms. When reacting with the ribosome, the effector region is likely to interact with an unknown effector, bringing about GTP hydrolysis and the dramatic conformational change. This results in the irreversible release of tRNA, and the mechanism effectively prevents the EF-Tu molecule from remaining on the ribosome and thus blocking the A site.
EF-Tu is one of the few GTPases for which the structures of both GTP-and GDP-bound forms are known; the other proteins are Ras p21, transducin and Gi ␣ 1.
Research Article Intact EF-Tu-GDP Polekhina et al. 1147 Although the general scaffold of the GTP-binding domain of the G proteins is very well conserved, some regions vary significantly. One such region is the effector region.
In the GTP form of EF-Tu this region comprises a short ␤ strand and a compact loop of two small ␣ helices. However, in the GDP form this effector region is stretched out and partly takes the form of an extended ␤ hairpin. The significance of this is uncertain. One possibility is that the conformational change of the effector region helps to physically dislocate Domains 2 and 3 during the transition from the GTP to the GDP form.
The structure of EF-Tu-GDP has been compared to the structures of the GDP-bound forms of ADP-ribosylation factor 1 (ARF-1) and the Ras-related protein, Ran. Apart from the expected general similarity between the GTP-binding domains, one interesting observation is that the structure of the effector region in the three molecules is similar, all containing a ␤ hairpin structure.
The structures of ARF-1 and Ran in the GTP-bound form are not presently known, but it will be interesting to see whether or not the effector regions of these molecules undergo a conformational change similar to that of EF-Tu during GTP hydrolysis, and whether this may prove to be a general scheme of the molecular switch employed in some GTPases.
Materials and methods

Protein purification and crystallization
T. aquaticus EF-Tu was purified from YT-1 strain cells by the method described by Miller and Weissbach [7] with some modifications. Cells were opened in a French press, and the suspension of disrupted cells was subjected to S-30 and then S-100 centrifugations. Further purification makes use of anion exchange on Q-Sepharose FF and gel filtration on AcA-54. Finally, EF-Tu was purified on HPLC TSK-Phenyl 5W using a back gradient of (NH 4 ) 2 SO 4 . Crystals were prepared as described earlier [26] .
E. coli EF-Tu was purified from MRE600 by the same method as T. aquaticus EF-Tu. Crystals were grown in 30 l sitting-drops with the composition: 5 mg mL -1 EF-Tu-GDP; 50 mM Tris⋅HCl (pH 7.5); 10 mM MgCl 2 ; 10 mM ␤-mercaptoethanol; 0.1 mM NaN 3 ; 10 mM GDP; 10 mM phenyl-methyl-sulphonylfluoride; and 25 % (NH 4 ) 2 SO 4 . The drops were equilibrated against a reservoir of 50 mM Tris⋅HCl buffer with 35 % (NH 4 ) 2 SO 4 . After a week needle-shaped crystals formed, the largest of which had typical dimensions of 500 × 30 × 10 m. The crystal size was increased to 1000 × 100 × 50 m by repeated seeding [27] into drops with a composition as described above except that the protein concentration was reduced to 0.8-1.0 mg mL -1 .
Data collection
Two data sets on T. aquaticus EF-Tu-GDP crystals were collected to 3 Å and to 2.7 Å at Synchrotron Radiation Source (SRS), Daresbury Laboratory, UK, Station 9.6. The crystals belong to the space group P6 3 22. The data collection was performed on the flashfrosen crystals, using sucrose as a cryoprotectant. The statistics of data set I and II are given in Tables 1 and 2 . R sym of data set I for the 20.0-3.0 Å data is 9.5 %, the completeness is 98.5 %. R sym of data set II for the 20.0-2.7 Å data is 6.7 %, the completeness is 99.9 %. The cell parameters for the crystals are a = b = 175.9 Å, c = 223.8 Å. Data were processed with the program DENZO [28] . Scaling, data reduction and structure-factor calculations were carried out with the programs ROTAVATA, AGROVATA and TRUNCATE from the CCP4 package [29] . Scaling and data reduction of the intensities of data set II was performed with SCALEPACK [28] .
Data on E. coli EF-Tu-GDP crystals were collected in 1989 using synchrotron radiation at station X11 at the EMBL outstation at DESY, Hamburg. Diffraction patterns were recorded using an image plate made by J Hendrix and colleagues at the EMBL outstation. Data were collected at room temperature on one crystal mounted in a glass capillary rotated through 90° around an axis 15° off-set from the a axis. The oscillation range for each image varied from 3° (c axis along the beam) to 1°( b axis along the beam). Data were processed with the program MOSFLM [30] , modified to take into account the pixel size and the larger dynamic range of the image plate as compared to films. Integrated intensities were obtained by simple integration and background subtraction. Data reduction was done with the programs ROTAVATA, AGROVATA and TRUNCATE of the CCP4 program package [29] . The crystals belong to spacegroup P2 1 2 1 2 with two molecules per asymmetric unit. The cell parameters for the crystal are a = 62.6 Å, b = 247.7 Å, c = 68.4 Å. The R sym of the data set is 5.8 % for 20.0-3.8 Å; the completeness is 95 %. The statistics of the data set are given in Table 3 .
Crystal structure determination of T. aquaticus EF-Tu-GDP
Data set I was used for structure determination and preliminary refinement. The structure of E. coli trypsin-modified EF-Tu-GDP [14] was taken as a model for phasing of the structure factors by molecular replacement. As a control, GDP and the Mg 2+ ion were omitted from the model, otherwise it was not modified in any way. The calculations were performed with the program AMORE [31] and data from 8-5 Å were used. The number of molecules per asymmetric unit was estimated, by the method of Matthews [32] , to be from 3 to 6. However, no non-crystallographic peaks were observed in the self-rotation function. The 100 first rotation solutions of the cross-rotation function were tested in the translational search. Two of the rotation solutions gave translation solutions with high correlation factors and low R factors. It was noticed, however, that for one of the rotation solutions the second best translation solution had a better correlation factor and R factor than the others in the list. Therefore the best solution was fixed and the same rotation solution was tested again in the translation function. A Table 1 X-ray statistics of data set I collected on T. aquaticus EF-Tu-GDP crystals (data from AGROVATA). second translation solution for this rotation solution was thus found. These two solutions were now fixed and the second rotation solution gave the position of the third molecule. Three molecules in the asymmetric unit are related by a pseudo-3 1 -axis, which is parallel to the crystallographic z axis. Rigid-body refinement was applied for the whole molecule and separately for the first, second and the third domains. The R factor dropped to 47.1 % for the 8-5 Å data. Averaging, solvent flattening and histogram matching were then performed with the program DM (written by KD Cowtan). The solvent content was set to 50 %, which is 20 % less than the theoretically computed number. R free was introduced to check the applied density modification. The R free changed from 48.5 % to 32.2 % for the 10-3.2 Å data after 40 cycles of density modification. An averaged Fourier map clearly showed density for GDP molecules and the Mg 2+ ions in all three molecules, indicating the correctness of the molecular replacement solutions.
Crystal structure determination of E. coli EF-Tu-GDP
The rotational and translational searches of molecular replacement were performed with the program package MERLOT [33] . All rotation and translation functions were calculated using data from 8-4 Å resolution, excluding the reflections less than three times their standard deviation. The refined structure of E. coli trypsin-modified EF-Tu-GDP [14] was used as a model; residues with high B factors were omitted. Thus, the model included the residues 12-36, 65-202, 208-219, 224-253, 268-278, 290-323 and 330-392, GDP and the Mg 2+ ion. The selfrotation function showed that the two molecules in the asymmetric unit are related by a non-crystallographic dyad (,, = 85°, 15°, 180°). Two orientations related by the pseudo-symmetry were found in the crossrotation function. In the translation function the two orientations gave a consistent set of solutions which were subsequently refined by R factor minimization. The final R factor for the 8-4 Å resolution data was 50.1 %.
Refinement of T. aquaticus EF-Tu-GDP
The refinement of the structure was performed with the program TNT [34] . The initial model contained the residues 9-51, 63-82, 97-405, GDP and the Mg 2+ ion. Firstly, rigid-body refinement was applied, followed by refinement with the conjugate direction method, with constant B factors and restrained non-crystallographic symmetry. After the first round of the refinement, which consisted of 20 cycles of minimization, a 2F o -F c Fourier map was calculated. Continuous density contoured at a 1 level was seen for the effector loop (amino acids 52-62). The residues 52-62 and 83-96 were added to the model. At the early stage of the refinement strict non-crystallographic symmetry was applied. Later the refinement was performed with restrained noncrystallographic symmetry; the B factors were restrained and the program O was used to correct the model [35] . The R factor for the current model is 23.4 % and the R free is 30.5 %, for all data in the range 20.0-2.7 Å. The current model includes three molecules in the asymmetric unit, each containing residues 9-405, GDP, the Mg 2+ ion and 96 water molecules. A summary of the refinement is given in Table 4 .
Refinement of E. coli EF-Tu-GDP
The initial refinement was performed with the program X-PLOR for the data from 8.0-3.8 Å [36] . Rigid-body refinement was firstly applied for the two separate molecules and then with each domain defined as a rigid body. X-PLOR was used for positional and energy refinement using simulated anealing prior to 3F o -2F c electron-density map calculation. The program O was used for model building of the remaining loops into the electron density. The model was completed using alternating rounds of model building and refinement. When the model was complete, the TNT refinement program was used. The free R factor was calculated on a separate test set of approximately 10 % of all reflections, and throughout the refinement used as an efficient guide for the choice of weights on the geometric restraints. Strong restraints were placed on the non-crystallographically related molecules. When these restraints were applied to the individual domains, a further drop in R free was observed. The reason for this is a slight difference in domain orientation of the two molecules, probably due to crystal packing forces. A summary of the refined model parameters is given in Table 4 .
Research Article Intact EF-Tu-GDP Polekhina et al. 1149 Table 2 X-ray statistics of data set II collected from the T. aquaticus EF-Tu-GDP crystal (data from SCALEPACK). Table 3 X-ray statistics of data set collected from the E. coli EF-Tu-GDP crystal (data from AGROVATA). 
Accession numbers
The atomic coordinates of T. aquaticus EF-Tu-GDP have been deposited with the Brookhaven Protein Data Bank with entry code 1TUI. The atomic coordinates of E. coli EF-Tu-GDP will be deposited with the Brookhaven Protein Data Bank. Table 4 Summary of the T. aquaticus and E. coli EF-Tu-GDP refinement. 
T. aquaticus EF-Tu-GDP E. coli EF-Tu-GDP
Model parameters
